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SUMMARY 
T h i s  r e p o r t  s u m m a r i z e s  t h e  r e s u l t s  of exper imenta l  and  
a n a l y t i c a l  i n v e s t i g a t i o n s  on m u l t i p l e  l i q u i d  ( w a t e r  1 impact  
e r o s i o n  o f  fou r  ma te r i a l s ,  name ly  1100-0 aluminum, 316 s t a i n l e s s  
s t ee l ,  commerc ia l ly  pu re  annea led  n i cke l  and  6AL-4V t i t a n i u m  
a l l o y   ( a n n e a l e d ) .   P r e l i m i n a r y   d a t a   a r e  also r e p o r t e d  f o r  t h r e e  
t u r b i n e  m a t e r i a l s ,  n a m e l y  S t e l l i t e  6B, Udimet 700 and a molybdenum 
a l l 3 y  TZM. The e ros ion   "as   p roduced   in  a r o t a t i n g  d i s k  f a c i l i t y .  
T e s t  s p e c i m e n s  r o t a t i n g  i n  a h o r i z o n t a l  p l a n e  c u t  v e r t i c a l  j e t s  
t w i c e   I n   o n e   r e v o l u t i o n .   U s i n g   t h i s   f a c i l i t y ,  t he  r e l a t i o n s h i p  
be tween the  ve loc i ty  of  impact  and  number o f  impac t s  a f t e r  wh ich  
v i s i b l e   I n d e n t a t i o n s   w e r e   o b s e r v e d  was e s t a b l i s h e d .   F o r   t h e  
same f o u r  m a t e r i a l s ,  t h e  f a t i g u e  s t r e n g t h s  w e r e  a l s o  e x p e r i -  
men ta l ly  de t e rmined  a s  a f u n c t i o n  o f  t h e  number o f  c y c l e s  t o  
f a i l u r e   i n   t h e   h i g h   f r e q u e n c y   f a t i g u e   a p p a r a t u s .   T h e s e  two 
g r o u p s  o f  d a t a  h a v e  h e e n  c o r r e l a t e d  i n  t e r m s  o f  t h e  w a t e r  hammer 
p r e s s u r e .  
F u t h e r m o r e ,  t h e  r a t e  o f  e r o s i o n  was de t e rmined  a s  a f u n c t i o n  
o f  t h e  t e s t  d u r a t i o n  f o r  t h e s e  t e s t  m a t e r i a l s  a t  d . i f f e r e n t  
v e l o c i t i e s .  T h e s e  d a t a  a r e  compared wi th  a r e c e n t l y   d e v e l o p e d  
t h e o r y   o f   e r o s i o n .   T h e   f a t i g u e  l i f e  d i s t r i b u t i o n  c u r v e s  a r e  
a l s o  i n c l u d e d  f o r  t h e s e  m a t e r i a l s .  
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I. 
The peak r a t e  of e r o s i o n  v a r i e s  a s  Um where U i s  the  impact  
ve loc i ty   and  m i s  an  exponent.  The p r e s e n t   e x p e r i m e n t s   i n d i c a t e  
t h a t  m . i s  c l o s e  t o  5, t h u s  l e n d i n g  f u r t h e r  s u p p o r t  to some of  
t h e  p r e v i o u s  o b s e r v a t i o n s  made by o t h e r  i n v e s t i g a t o r s .  
I n  o r d e r  t o  compare c a v i t a t i o n  e r o s i o n  a n d  m u l t i p l e  l i q u i d  
impact   e ros ion ,   cav i ta t ion   e ros ion   tes t s   were   conducted  on t h e  
same f o u r   m a t e r i a 1 . s   a t  a double   ampl i tude  of 3 x inch  and 
a t  a f requency   of  13.5 kcs .  The e ros ion   s t r eng ths   have   been  
c a l c u l a t e d   f o r   b o t h   t y p e s   o f   e r o s i o n   p r o c e s s e s .   W h i l e  these two 
sets  o f  e r o s i o n  s t r e n g t h s  r a n k  t h e  f o u r  m a t e r i a l s  i n  t h e  same 
o r d e r ,  t h e  a c t u a l  v a l u e s  d i f f e r  cons ide rab ly .  
INTRODUCTION 
The  problem of  e ros ion  caused  by  mul t ip le  l iqu id  impacts  
can  become a s e r i o u s  o n e  i n  t h e  development  of  future  space 
n u c l e a r  power s y s t e m s .   I n   a d d i t i o n  i t  i s  a l s o   i m p o r t a n t   i n   w e t  
s t e a m  o r  v a p o r  t u r b i n e s  a n d  i n  r a i n  e r o s i o n  o f  a i r c r a f t  a n d  
m i s s i l e s .  The o b j e c t i v e s   o f   t h e   p r e s e n t   r e s e a r c h   p r o g r a m   a r e  
the  unde r s t and ing  o f  t he  mechanism  and t h e  q u a n t i t a t i v e  e v a l u -  
a t i o n  of  two a spec t s  o f  mu l t ip l e  l i qu id  impac t  e ros ion ,  namely ;  
( i )  t h e  i n i t i a t i o n  o f  e r o s i o n  a n d  (ii) t h e  r a t e  of e r o s i o n .  
D u r i n g  t h e  p a s t  s e v e r a l  y e a r s  o f  i n t e n s i v e  r e s e a r c h  i n  t h e  a l l i e d  
problem of  cavi ta t ion  e ros ion ,  the  above two aspects  were con-  
s ide red   i n   dep th   (Refe rences  2 and 3 ) .  Some of t h e   s i g n i f i c a n t  
ideas  genera ted  through those  e f for t s  were  ex tended  to t h e  
unde r s t and ing  o f  mul t ip l e  l i qu id  impac t  e ros ion .  
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S p e c i f i c a l l y  o u r  a t t e n t i o n  was focused on the  fo l lowing  
a s p e c t s :  
1. Determina t ion  of  t h e   r e l a t i o n s h i p   b e t w e e n   v e l o c i t y  
of impact and the number of impacts t o  p r o d u c e  v i s i b l e  e r o s i o n .  
2. D e t e r m i n a t i o n . o f   t h e   r e l a t i o n s h i p   b e t w e e n  t h e  h igh  
f r e q u e n c y  f a t i g u e  stresses and t h e  number  o f  cyc le s  to  f a i lu re .  
3. R e l a t i n g  the  water  hammer s t r e s s e s   c o r r e s p o n d i n g  
t o  the  i m p a c t  v e l o c i t i e s  with the high frequency endurance limit. 
4 .  Determinat ion  of  t h e  r a t e   o f   e r o s i o n   a s  a f u n c t i o n  
of exposure time. 
5. C o r r e l a t i o n  of t h e   e x p e r i m e n t a l   r a t e s  w i t h  a 
r ecen t ly  deve loped  theo ry .  
6. Evalua t ion  o f  the  dependence of t h e  r a t e  o f  e ros ion  
on t h e  v e l o c i t y  of  impact .  
7 .  Comparison of l i q u i d   i m p a c t   e r o s i o n   s t r e n g t h  and 
c a v i t a t i o n  e r o s i o n  s t r e n g t h  for t h e s e  f o u r  m a t e r i a l s .  
T h e s e  i n v e s t i g a t i o n s  w e r e  i n i t i a t e d  d u r i n g  A p r i l  1967. 
A t e c h n i c a l  r e p o r t  c o n t a i n i n g  t h e  r e s u l t s  for 1100-0 aluminum 
and  316 s t a i n l e s s  s t e e l  was i s s u e d  a t  t h e  end of t h e  f i r s t  year  
of t h i s  program  (Reference 1).  Add i t iona l  t e s t s  on commercially 
pu re  n i cke l  and  t i t an ium (6AL-4V)  were conducted during the 
s e c o n d   y e a r   s t a r t i n g  May 1968. T h i s  r e p o r t   c o n t a i n s  a complete 
a n a l y s i s  o f  a l l  of t h e s e  r e s u l t s  i n c l u d i n g  t h e  r e s u l t s  o f  1100-0 
aluminum  and 316 s 6 a i n l e s s  s t e e l  i n  o r d e r  t o  g i v e  a n  o v e r a l l  
review of the   accompl ishments .  A compar ison   of   cav i ta t ion   e ros ion  
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a n d  m u l t i p l e  l i q u i d  i m p a c t  e r o s i o n  i s  made for the  f o u r  t e s t  
m a t e r i a l s  i n  t e r m s  of t h e i r  e r o s i o n  s t r e n g t h .  P r e l i m i n a r y  d a t a  
on impact  erosion of t h r e e  t u r b i n e  m a t e r i a l s  ( S t e l l i t e  6B, 
Udimet T O O  and amo1kbdenurnTZM a r e  a l s o  i n c l u d e d .  
EXPERIMENTAL  FACILIITY A N D  TECHNIQUES 
The J e t  I m p a c t  E r o s i o n  F a c i l i t y  
The j e t  i m p a c t  e r o s i o n  f a c i l i t y  ( F i g u r e  1) c o n s i s t s  of a 
r o t a t i n g  d i s k  d r i v e n  b y  a 2-1,/2 hp  va r i ab le  speed  moto r  capab le  
of s u s t a i n e d   o p e r a t i o n   a t   2 0 , 0 0 0  rpm.  The r o t a t i n g  d i s k  i s  
c a p a b l e   o f - h o l d i n g   s i x   s p e c i m e n s   a s  shown i n  F i g u r e  1. The d i s k  
r o t a t e s  i n  t h e  h o r i z o n t a l  p l a n e  c u t t i n g  two s e t s  of  1/32 inch 
d i a m e t e r   v e r t i c a l   j e t s   a s  shown i n   F i g u r e s  2 and  2a.  The d i -  
mensions of t he  r o t a t i n g  d i s k  a r e  shown i n  F i g u r e  3. The  erosion 
was caused  by  the  impac t  o f  t he  t e s t  spec imens  on t h e  s o l i d  j e t  
a t   c o n t r o l l e d   s p e e d s .   F u r t h e r   d e t a i l s  on the  d e s i g n ,   f a b r i c a t i o n  
and  ope ra t ion  o f  t h i s  f a c i l i t y  a r e  a v a i l a b l e  i n  R e f e r e n c e  1. 
T h i s  t e s t  a p p a r a t u s  i s  s i m i l a r  t o  t h e  o n e  r e p o r t e d  by  Ripken ( 5 )  
i n  many r e s p e c t s .  
High Freauencv  Fa t igue  Tes t ing  Techniaue  
A m a g n e t o s t r i c t i o n  o s c i l l a t o r  ( F i g u r e  4) was used t o  produce 
a l t e r n a t i n g  s t r a i n s  a t  t h e  n o d e  of a r e s o n a t i n g   r o d .   T h e   b a s i c  
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p r i n c i p l e  a n d  t h e  p r a c t i c a l  a s p e c t s  of t h e s e  t e s t s  a r e  d e s c r i b e d  
i n  R e f e r e n c e  4 .  T h e   f a t i g u e   s p e c i m e n   d e s i g n   u s e d   i n   t h e   e a r l i e r  
s t u d i e s  had a s h a r p  n o t c h  a t  t h e  n o d e .  T h e  n o t c h  s e n s i t i v i t y  o f  
t h e  t e s t  m a t e r i a l s  a t  h i g h  f r e q u e n c i e s  i s  an  unknown. I n   o r d e r  
t o  e l i m i n a t e  t h i s  l i m i t a t i o n ,  a new dumb-bel l   shaped   fa t igue  
specimen was designed and used for a l l  t h e  f a t i g u e  tes t s  under  
t h i s  program. 
T h e  b a s i c  a p p r o a c h  f o r  t h e  d e s i g n  o f  t h e  f a t i g u e  s p e c i m e n  
i s  t o   u s e   t h e   t h e o r y   d e v e l o p e d   b y   N e p p i r a s  ( 6 ) .  From t h i s   t h e o r y  
o n e  c a n  g e t  t h e  l e n g t h s  o f  t h e  f a t i g u e  s p e c i m e n  a s  shown by the  
example i n  F i g u r e  5.  Assuming  an  area  ra t io   and Cl/X t h e  v a l u e  
of &,/x may be   de t e rmined   f rom  Nepp i ra s '   t heo ry .   In   o rde r   t o  
a v o i d  t h e  s h a r p  c o r n e r s ,  a c i r c u l a r  a r c  f i l l e t  of r a d i u s  R i s  
used .  The va lue   o f  R can   be   ca lcu la ted   f rom  s imple   geometr ica l  
cons idera t ions .   This   method  of   des igning   dumb-bel l   shaped  
f a t igue  spec imens  gave  the  d imens ions  wi th in  10 t o  15 p e r c e n t  
accu racy .  Then t h e  f i n a l  a d j u s t m e n t s  a r e  made by   tun ing   exper i -  
men ta l ly .  The dimensions o f  a p rope r ly   t uned   f a t igue   spec imen  
a r e  shown i n  F i g u r e  6.  
I n  a l l  t h e  f a t i g u e  s t u d i e s ,  t h e o r e t i c a l  s t r a i n ,  g i v e n  by 
the   fo l lowing   fo rmula   (due   t o   Nepp i ra s  (6)), was assumed t o  be 
t h e  a c t u a l  v a l u e :  
I 
G . 2 ~ 5  
x E = -  c 11 
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where 
c - t h e  s t r a i n  . a m p l i t u d e  a t  t h e  n o d e ,  
5 - t h e  d i s p l a c e m e n t  a m p l i t u d e  a t  t he  an t i -node ,  
X - t h e  w a v e l e n g t h  i n  t h e  m a t e r i a l ,  a n d  
G - Magni f i ca t ion  Fac to r  
- S t r a i n   i n   s t e p p e d   s p e c i m e n  - 
S t r a i n  i n  u n i f o r m  s p e c i m e n  ( w i t h o u t  s t e p ) .  
The va lue   o f  G can   be   ca lcu la ted   f rom  Neppi ras '   theory .   Genera l ly  
one would measure the displacement amplitude 5 and the  wavelength 
X, a n d  c a l c u l a t e  t h e  s t r a i n  u s i n g  a t h e o r e t i c a l  v a l u e  o f  G. How- 
ever ,  we v e r i f i e d  t h e s e  c a l c u l a t i o n s  by  measuring t h e  a c t u a l  
s t r a i n s  g e n e r a t e d  a t  t he  node  (Figure 7 ) .  
EXPERIMENTAL PROCEDURE 
A s  d i s c u s s e d  p r e v i o u s l y ,  e s s e n t i a l l y  t h e  f o l l o w i n g  t h r e e  
types  of  experiments  were.  performed  during t h i s  i n v e s t i g a t i o n :  
1. De te rmina t ion   o f   t h re sho ld   ve loc i t i e s ,  
2 .  Determina t ion   of   the   fa t igue   endurance  limit, and 
3 .  Determina t ion  of e r o s i o n   r a t e s   b o t h   b y   m u l t i p l e  
l i qu id  impac t s  and  by  cav i t a t ion .  
The i m p a c t  e r o s i o n  t e s t s  w e r e  c a r r i e d  o u t  i n  t h e  j e t  i m p a c t  
e r o s i o n  f a c i l i t y ;  t h e  f a t i g u e  t e s t s  a n d  c a v i t a t i o n  e r o s i o n  t e s t s  
were  conducted i n   t h e   m a g n e t o s t r i c t i o n   v i b r a t o r y   a p p a r a t u s .  The 
i m p o r t a n t  d e t a i l s  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e  f o l l o w e d  a r e  d e -  
scr ibed below.  
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Dete rmina t ion  . - o f   T h r e s h o l d   V e l o c i t i e s  
S i x  t e s t  s p e c i m e n s  w e r e  a t t a c h e d  a t  t h r e e  r a d i a l  l o c a t i o n s  
i n  t h e  r o t a t i n g  d i s k  d e s c r i b e d  p r e v i o u s l y .  T h i s  e n a b l e d  t h e  ob- 
s e r v a t i o n  o f  two specimens a t  a p r e s e l e c t e d  t e s t  v e l o c i t y  e n s u r i n g  
t h e  r e p r o d u c i b i l i t y  a n d  r e l i a b i l i t y  o f  t he  expe r imen ta l  obse rva -  
t i o n .   T h e   t e s t   s p e c i m e n s  were 3/8 i n c h   i n   d i a m e t e r .  The  specimen 
s u r f a c e  was f i n i s h e d  t o  32 rms or b e t t e r  b y  h a n d  p o l i s h i n g ,  t h u s  
e l i m i n a t i n g  the  p o s s i b i l i t y  o f  m e c h a n i c a l  work h a r d e n i n g  a f f e c t i n g  
t h e   t e s t   r e s u l t s .   S u c h   c a r e f u l l y   p r e p a r e d  t e s t  specimens  were 
a t t a c h e d  t o  t h e  r o t a t i n g  d i s k  and run a t  p r e s e l e c t e d  s p e e d s .  
Obse rva t ion  o f  t he  spec imens  to  de t e rmine  when d e n t i n g  or f r a c t u r e  
oceur red  was a d j u s t e d   t o   s u i t   t h e   t e s t   s e q u e n c e .  When t e s t s  
were  conducted a t  h i g h e r  v e l o c i t i e s ,  damage could  be  observed  in  
a sho r t  t ime  and  hence  the  spec imens  were  obse rved  a t  sho r t  
i n t e r v a l s   ( e v e r y  few m i n u t e s ) .  A t  l o w e r   v e l o c i t i e s ,  damage  would 
n o t  o c c u r  f o r  many hours ,  consequent ly  observa t ions  were  made 
e v e r y  h a l f  or one   hour .   The   obse rva t ion   cons i s t ed  of removing a 
t e s t  s p e c i m e n  a n d  o f  o b s e r v i n g  t h e  s u r f a c e  e x p o s e d  t o  l i q u i d  
impact  wi th  a 10 X m a g n i f y i n g  g l a s s  u n d e r  s i d e  l i g h t i n g ' w h i c h  
would make t h e  i n i t i a l  i n d e n t a t i o n s  " s t a n d  o u t "  when i l l u m i n a t e d  
a t  t h e  p r o p e r  a n g l e  t o  t h e  s u r f a c e .  T h e   t i m e   t a k e n   f o r   t h e  
i n i t i a t i o n  of  p e r m a n e n t  p l a s t i c  i n d e n t a t i o n s  o n  t h e  s u r f a c e  o f  
t h e  t e s t  specimen through t h i s  p rocedure  was r e c o r d e d  a t  d i f f e r . e n t  
t e s t  v e l o c i t i e s .  The number of   impacts   were   ca lcu la ted   f rom 
t h e  number of r e v o l u t i o n s  made d u r i n g  t h a t  time m u l t i p l i e d  b y  
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two f o r  t h e  two i m p a c t s   p e r   r e v o l u t i o n .  The r e l a t i o n s h i p   b e t w e e n  
the  number o f  i m p a c t s  t o  i n i t i a t e  e r o s i o n  a n d  t h e  cor responding  
t h r e s h o l d  v e l o c i t y  was p l o t t e d .  
A f t e r  t h e  a p p e a r a n c e  o f  p l a s t i c  d e n t s  on the  spec imen  su r -  
f a c e ,  t h i s  a r e a  o f  d e n t i n g  will c o n t i n u e  t o  work h a r d e n  a s  t h e  
t e s t  p r o g r e s s e s ,  r e s u l t i n g  i n  t h e  f r a c t u r e  o f  s m a l l  f r a g m e n t s  o f  
m a t e r i a l   f r o m   t h e   s u r f a c e .  I n  a l l   o u r   e x p e r i m e n t s ,   t h e   c r i t e r i o n  
f o r  t h r e s h o l d  was t h e  a p p e a r a n c e  o f  d e t e c t a b l e  i n d e n t a t i o n  w i t h  
t h e  h e l p  o f  a 10 X magni f ie r   under  s i d e  l i g h t i n g .  The  appearance 
o f  t h e  s u r f a c e  a f t e r  10 m i l l i o n  i m p a c t s  a t  150 f p s  on 316 s t a i n -  
l e s s  s t e e l  i s  shown i n   F i g u r e  8 .  S u r f a c e   r o u g h n e s s   p r o f i l e s   a f t e r  
10 m i l l i o n  i m p a c t s  a t  t h r e s h o l d  o f  e r o s i o n  a n d  a t  f r a c t u r e  a r e  
shown i n  F i g u r e  9. 
Determinat ion of  High Frequency Endurance L i m i t  
The f a t i g u e  s p e c i m e n s  w e r e  v i b r a t e d  a t  1 4 . 2  kcs  a t  c o n t r o l l e d  
a m p l i t u d e s   i n   t h e   m a g n e t o s t r i c t i o n   v i b r a t o r y   a p p a r a t u s .   T h e  
specimens  were  cooled  by  immersion  in a cons t an t  t empera tu re  
water   ba th .  The ampl i tude  was ob ta ined   f rom  the   vo l t age   ou tpu t  
of  a p r e c a l i b r a t e d   v o i c e   c o i l .   T h e   s t r a i n  was ca l cu la t ed   f rom 
the   ampl i tude   (us ing   Equat i -on  1) a s   d i s c u s s e d   p r e v i o u s l y .  The 
s t r e s s  was o b t a i n e d  b y  m u l t i p l y i n g  t h e  s t r a i n  wi th  the modulus 
o f  e l a s t i c i t y .  The modulus  of e l a s t i c i t y  f o r  t he  t e s t  m a t e r i a l  
c a n  a l s o  b e  d e t e r m i n e d  w i t h  t h e  v i b r a t o r  by measu r ing  the  wave- 
length  and  the  f requency  which  will g ive  the  speed  o f  sound .  
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The f r equency  was accura te ly  measured  wi th  a f r e q u e n c y  c o u n t e r .  
The t ime to f a i l u r e  was n o t e d  a n d ' t h e  number of c y c l e s . t o  
f a i l u r e  was computed  from  the  frequency. 
Determina t ion  of  Rate  of  Eros ion  as  a Funct ion  of  ExDosure Time 
The r a t e  of  weight loss  was d e t e r m i n e d  p e r i o d i c a l l y  b y  
weighing  the  same spec imen  a f t e r  exposure  to i m p a c t  a t  p r e -  
s e l e c t e d   v e l o c i t i e s  or t o   c a v i t a t - i o n   a t  3 x inch   doub le  
ampli tude.   Care was t a k e n   t o   a d o p t  a u n i f o r m   p r o c e d u r e   i n   c l e a n i n g  
and d ry ing   t he   spec imen   be fo re  and a f t e r  e a c h  t e s t .  The e r o s i o n  
r a t e   a t   t i m e  t was computed  by d i v i d i n g   t h e   i n c r e m e n t a l   w e i g h t  
l o s s ,  AW, by   t he   i nc remen ta l   t ime ,  A t ,  d u r i n g   t h e   t i m e   p e r i o d  
t - A t  t o  t .  The  mean dep th  of e r o s i o n  was c a l c u l a t e d  by d5v id ing  
t h e  volume of  e r o s i o n   b y   t h e   a r e a   o f   e r o s i o n .  The e roded   a rea  
was t a k e n   t o   b e   e q u a l  to t h e   i m p a c t   a r e a  of t h e  j e t .  The a c t u a l  
e roded  a rea  can  a l so  be  measu red  accu ra t e ly  wi th  a p l a n i m e t e r .  
RESULTS AND ANALYSIS 
Cor re l a t ion  o f  Wate r  Hammer S t r e s s e s  w i t h  High  Frequency 
Endurance L i m i t s  
~ . " _ _ ~ " ~ _ _ _ I  
F i g u r e  10 shows t h e  r e l a t i o n s h i p  b e t w e e n  t h e  v e l o c i t y  o f  
impact  and t h e  number of  impacts  af ter  which indentat ions were 
observed on a l l  f o u r  t e s t  m a t e r i a l s .  
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When a c y l i n d r i c a l  column  of l i q u i d  i m p i n g e s  on the  
s u r f a c e  o f  a m a t e r i a l ,  t h e  maximum s t r e s s  d e v e l o p e d  , a t  t h e  
po in t  o f  con tac t  by  t h e  i m p a c t  ( g e n e r a l l y  known a s  " w a t e r  
hammer" s t r e s s )  i s  de r ived  by  de  Ha l l e r  ( 7 )  a s  
0 = b G I  c u  I 
p4 c4 
PmCm 
1 + -  
where 
U = i m p a c t   v e l o c i t y ,  
p a  = d e n s i t y  of  l i q u i d ,  
I 
Pm 
C4 = ve loc i . t y  o f  sound  in  l i qu id ,  and 
C = v e l o c i t y  o f  sound i n  t h e  m a t e r i a l .  
= d e n s i t y  o f  m a t e r i a l ,  
m 
F o r  t h e  p r e s e n t  i n v e s t i g a t i o n s  i n  w h i c h  w a t e r  was t h e  t e s t  
l i q u i d  and common m e t a l s  a r e  t h e  t e s t  m a t e r i a l s ,  t h e  r a t i o  
C /p C i s  sma l l  compared t o   u n i t y .  Then t h e   w a t e r  hammer m m  
s t r e s s  becomes 
c 21 
OI = p a  A I c u  
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c3 1 
The va lues   o f  pGCcUI were c a l c u l a t e d  for t h e   d a t a  shown 
i n   F i g u r e  10. The v a l u e s   o f  p and C for water  were ob ta ined  
f r o m  p u b l i s h e d  l i t e r a t u r e  (for example Reference 8 ) .  
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The r a t i o  of t h e  h i g h  f r e q u e n c y  f a t i g u e  s t r e n g t h  t o  t he  
water  hammer stress f o r  e r o s i o n  i n c e p t i o n  i s  shown i n  F i g u r e  11 
for each of t h e  f o u r   m a t e r i a l s   t e s t e d .   F i g u r e . 1 1  shows t h a t  for 
' a l l  t h e  m a t e r i a l s  t e s t e d ,  the  r a t i o  a p p e a r s  to be independent  of 
t h e  number o f  c y c l e s  to f a i l u r e .  T h i s  l e n d s   s u p p o r t   t o   t h e  
concept  previously proposed by Thiruvengadam ( 2 )  t h a t  i m p a c t  
e r o s i o n  i s  t h e  r e s u l t  o f  f a i l u r e  i n  f a t i g u e .  
The c o r r e l a t i o n  i n  F i g u r e  11 shows t h a t  for commercially 
p u r e  a n n e a l e d  n i c k e l ,  p l a s t i c  i n d e n t a t i o n s  o c c u r  on t h e  s u r f a c e  
a t  a n  i m p a c t  w a t e r  hammer s t r e s s  t h a t  i s  one t h i r d  o f  t h e  f a t i g u e  
s t r e s s  n e c e s s a r y  t o  f r a c t u r e  t h e  m a t e r i a l .  The d a t a  f o r  t i t a -  
nimum shows t h a t  t he  water  hammer s t ress  to e r o s i o n  i n c e p t i o n  
i s  only  one  f i f t h  of  t h e  s t r e s s  r e q u i r e d  t o  f a i l  t h e  m a t e r i a l  i n  
f a t i g u e .  Thus t h e   r a t i o  a$p4,CCUI for e r o s i o n   i n c e p t i o n  
v a r i e s  among m a t e r i a l s .  
We t e n t a t i v e l y  s u g g e s t  t h a t  t h i s  may be e x p l a i n e d  i n  t e r m s  
of n o t c h  s e n s i t i v i t y .  The t i t a n i u m  a l l o y s  a r e  i n  g e n e r a l  v e r y  
s e n s i t i v e  to stress c o n c e n t r a t i o n s  ( 9 ) .  The f a t i g u e   d a t a  shown 
i n  F i g u r e  11 a r e  o b t a i n e d  wi th  dumb-bel l  shaped fat igue specimens 
11 
t h u s   e l i m i n a t i n g   a n y   n o t c h   e f f e c t s .  However, t h e  i m p a c t   s t r e s s e s  
a r e  p roduced   l oca l ly .  T h i s  may p o s s i b l y  lead t o  stress copcen t r a -  
t i o n s  a t  t h e  g r a i n  b o u n d a r i e s  c a u s i n g  l o c a l  f a t i g u e  f a i l u r e s .  
Thus t h e  use of  a notched specimen may be p r e f e r a b l e  to an unnotched 
specimen when compar ing   impact   e ros ion   and   fa t igue  f a i l u r e .  Ex- 
p e r i m e n t a l  e x p l o r a t i o n  o f  t h i s  concept  would be d e s i r a b l e .  
E f fec t  o f  Time of  Exposure to Mult ip le  Liquid  Impacts  on t h e  R a t e  
of Eros ion  
The importance  of  exposure t ime on t h e  r a t e  o f  e ros ion  was 
r e c o g n i z e d  a n d  h i g h l i g h t e d  i n  a s e r i e s  of r e c e n t  p u b l i c a t i o n s  
(10,11,12,13 and 1 4 )  based mainly on c a v i t a t i o n  e r o s i o n  r e s e a r c h .  
T h i s  r e l a t i o n s h i p  was d i v i d e d  i n t o  f o u r  p e r i o d s ” ,  F i g u r e  12, as 
fo l lows  : 
1. I n c u b a t i o n   p e r i o d :  The r a t e  of e r o s i o n  i s  very  
small du r ing  t h e  e a r l y   p a r t   o f   a n   e r o s i o n  t e s t .  During t h i s  t ime,  
t h e  material  undergoes permanent changes due to t h e  r e p e a t e d  
e r o s i v e   f o r c e s .  Hence i t  i s  b e l i e v e d  t h a t  t h e   e r o s i o n   i n c u b a t e s  
d u r i n g  t h i s  p e r i o d .  
2 .  A c c e l e r a t i o n   p e r i o d :  Af t e r  t h e  i n c u b a t i o n ,   t h e  
material  s t a r t s  f r a c t u r i n g  d u e  to t h e   r e p e a t e d   i m p a c t s .  The r a t e  
of loss o f  m a t e r i a l  s t a r t s  i n c r e a s i n g  wi th  f u r t h e r  e x p o s u r e  to 
e r o s i o n .   S i n c e  t h i s  p r o c e s s  i s  similar t o   c u m u l a t i v e   f a t i g u e  
f r a c t u r e ,  i t  may a l s o  b e  ca l l ed  ene rgy  accumula t ion  pe r iod .  
* These terms  correspond to t h e  r e c e n t l y   d e v e l o p e d   d e f i n i t i o n s  
by t h e  ASTM Sub-committee headed by D r .  Rober t  Hickl ing .  
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3 .  D e c e l e r a t i o n   p e r i o d :  Where  nough material has 
b e e n  f r a c t u r e d ,  t h e  e r o d e d  s u r f a c e  becomes rough with vis ible  
d e e p   c r a t e r s .   I n   c a v i t a t i o n   e r o s i o n   a n d  i n  l i qu id   impac t   e ros ion ,  
t h e  l i q u i d  c o v e r i n g  t h e s e  c r a t e r s  c u s h i o n s  t h e  i m p a c t  p r e s s u r e s  
t r a n s m i t t e d  t o  t h e  mater ia l .  The d e c r e a s e  i n  e r o s i o n  r a t e  i s  
b e l i e v e d  t o  b e  d u e  t o  t h i s  a t t e n u a t i o n  p r o c e s s  and  hence  th i s  
p e r i o d  may a l s o  b e  c a l l e d  t h e  a t t e n u a t i o n  p e r i o d .  
4. Steady   pe r iod :  It i s  expe r imen ta l ly   obse rved   t ha t  
a f t e r  t h e  a t t e n u a t i o n  p e r i o d ,  t h e  r a t e  of  e ros ion  becomes very  
near ly   independent  of the  exposure  t ime  and  hence i t  i s  c a l l e d  
t h e  s t e a d y  p e r i o d .  
Although the above r e s u l t s  on t h e  e f f e c t  o f  e x p o s u r e  t i m e  
were   observed   on ly   for   cav i ta t ion   e ros ion ,   there   were  some i n d i c a -  
t i o n s  i n  t h e  l i t e r a t u r e  t h a t  t h e s e  e f f e c t s  w e r e  a l s o  d e t e c t a b l e  
i n  l i q u i d  i m p a c t  e r o s i o n  t e s t s  s u c h  as steam t u r b i n e  e r o s i o n  (15, 
16), j e t  impact   e ros ion  ( 1 7 )  a n d   r a i n   e r o s i o n  (18) .  A summary 
and  d i scuss ion  of a l l  t h e s e  r e s u l t s  w i t h  a ma themat i ca l  ana lys i s  
was p r e s e n t e d  by Heymann ( 1 9 ) .  
A t  t h i s  j u n c t u r e ,  i t  became c r u c i a l  t o  c o n d u c t  a few s y s t e -  
mat ic  experiments  to a c c u m u l a t e  q u a n t i t a t i v e  d a t a  i n  t h e  c a s e  of 
m u l t i p l e   l i q u i d   i m p a c t   e r o s i o n .   S u c h   r e s u l t s  are  shown i n  F i g -  
u r e s  13 through 16, f o r   t h e   f o u r   t e s t   m a t e r i a l s .  The r e s u l t s  
shown correspond t o  s i x  v e l o c i t i e s  f o r  e a c h  material .  It may be 
noted  t h a t  t h e  i n c u b a t i o n  p e r i o d  i s  v e r y  n o t i c e a b l e  a t  lower 
13 
speeds  whereas  the  peak  r a t e  o f  e ros ion  i s  very pronounced a t  
h igher  impact  speeds .  
I t  i s  n e c e s s a r y  t o  u n d e r s t a n d  a n d  p r e d i c t  t h e s e  n o n - l i n e a r  
t i m e  e f f e c t s  q u a n t i t a t i v e l y  i n  o r d e r  t o  a c h i e v e  m e a n i n g f u l  
c o r r e l a t i o n s  i n  t h e  l a b o r a t o r y  a n d  t o  e x t r a p o l a t e  l a b o r a t o r y  
d a t a   t o   f i e l d   s y s t e m s .  With t h i s  aim i n  mind, an  e lementary 
theo ry  o f  e ros ion  has  been  deve loped  r ecen t ly  ( 3 )  and i s  sum- 
m a r i z e d  b r i e f l y  i n  R e f e r e n c e  1. 
C o r r e l a t i o n  w i t h  t he  Theory o f  Eros ion  
An e l e m e n t a r y  t h e o r y  o f  e r o s i o n  d e t a i l e d  i n  R e f e r e n c e s  1 
and 3 y i e l d s  t he  fo l lowing  equat ion  for t he  no rma l i zed  e ros ion  




I = - -  
r - r e l a t i v e  i n t e n s i t y  of  e r o s i o n  
- r 
max 
r = t h e  r a t e  of   erosion a t  any  time, t 
t = t h e  t i m e  c o r r e s p o n d i n g  t o  e r o s i o n  r a t e ,  r ,  
r max = t h e  maximum r a t e  of  e ros ion  
t, = t h e  t i m e  a t  which maximum e r o s i o n  r a t e  o c c u r s .  
c41 
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t I - = -  
tl  
r\ = t h e  e f f i c i e n c y + +  o f  e r o s i o n  a t  any t ime, t ,  
ql = t h e  e f f i c i e n c y  c o r r e s p o n d i n g  to t h e  p e a k  r a t e  of  
e r o s i o n ,  
: = ?-l/Tl 
K = (2) and - 
I= 1 
n = t h e  a t t e n u a t i o n  e x p o n e n t  
I n  o r d e r  to c a l c u l a t e  i as a f u n c t i o n  o f  T, t h e  v a l u e  o f  n 
a n d   t h e   f u n c t i o n  q(t) m u s t  be known. These   a r e   d i scussed  as 
fo l lows :  From the   exper ience   o f   underwater   explos ions ,  i t  i s  
known t h a t  t h e  s h o c k  p r e s s u r e  a t t e n u a t e s  i n v e r s e l y  as t h e  d i s -  
t a n c e   t r a v e l l e d   ( 2 0 ) .   S i n c e   t h e   i n t e n s i t y   ( p o w e r   t r a n s m i t t e d  
p e r  u n i t  a r e a )  v a r i e s  as t h e  s q u a r e  o f  t h e  s h o c k  p r e s s u r e ,  t h e  
a t tenuat ion   exponent ,   n ,  i s  herein  assumed t o  h a v e  t h e  v a l u e  2 .  
Thus, by assumption,  
n = 2  c51 
It. The e f f i c i e n c y  o f  e r o s i o n  r e p r e s e n t s  t h e  r a t i o  o f  t h e  e n e r g y  
absorbed  by  the  material to the  energy  of  impact  on t h e  s u r -  
f a c e .  
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I n  t h e  o r i g i n a l  f o r m u l a t i o n  o f  t h e  e l e m e n t a r y  t h e o r y  ( 3 ) ,  
the  n a t u r e  o f  t h e  f u n c t i o n  q ( t )  was assumed t o  b e  s i m i l a r  t o  
t h e   f a t i g u e   p r o b a b i l i t y   f u n c t i o n .  T h e   p h y s i c a l   b a s i s   f o r  t h i s  
assumption may b e  s t a t e d  a s  f o l l o w s :  A f r a c t u r e d  p a r t i c l e  h a s  
absorbed energy from the impact  forces  over  a number o f  cyc le s .  
A f t e r  the  cumula t ive  absorp t ion  of  these  impact  forces ,  the  
p a r t i c l e  f r a c t u r e s  from the  spec imen thereby  producing  a loss  
o f   m a t e r i a l .   I n   t h i s   s e n s e ,  t he  e f f i c i e n c y   o f   t h e   e r o s i o n  
process  i s  a s s o c i a t e d  with t h e  f r a c t u r e  o f  a p a r t i c l e  o f  t h e  
m a t e r i a l .  If we c o n s i d e r  t h e  p a r t i c l e  a s  a fa t igue   spec imen,  
t h e n  t h e  p r o b a b i l i t y  o f  f a i l u r e  o f  t h e  p a r t i c l e  a f t e r  some t ime 
i s  a s t a t i s t i c a l   f u n c t i o n .  Based  on t h i s  approach,  It  may be  
i n f e r r e d  t h a t  t h e  e f f i c i e n c y  o f  e n e r g y  a b s o r p t i o n  ( t h e  f u n c t i o n  
q ( t ) )  i s  a s s o c i a t e d  w i t h  t h e  p r o b a b i l i t y  o f  f a i l u r e  o f  a 
p a r t i c l e  a f t e r  a g i v e n   t i m e .   T h e r e   a r e   s e v e r a l   s t a t i s t i c a l  
d i s t r i b u t i o n  f u n c t i o n s  a d v a n c e d  i n  t he  l i t e r a t u r e  t o  r e p r e s e n t  
t h e   p r o b a b i l i t y   o f   f a t i g u e   f a i l u r e .   S p e c i f i c a l l y ,   t h e   W e i b u l l  
d i s t r i b u t i o n  ( 2 1 )  was chosen  fo r  t h e  i n i t i a l  a n a l y s i s  b e c a u s e  
of  i t s  wide a p p l i c a b i l i t y .  Hence a W e i b u l l   t y p e   d i s t r i b u t i o n  
func t ion  of  the  fo l lowing  form was a s s igned  to q: 
q = 1 - exp( - 7  ) a 
The parameter  a i s  ca l led  the  Weibul l  shape  parameter  and  
i t  depends  upon t h e   m a t e r i a l  as w e l l  as t h e  s t r e s s  l e v e l .  Wide 
a p p l i c a b i l i t y  of t h e  W e i b u l l  d i s t r i b u t i o n  c a n  b e  s e e n  f r o m  t h e  
f a c t  t h a t .  t h e  f u n c t i o n  g i v e n  by Equation [63 becomes a s imple ex-  
p o n e n t i a l  d i s t r i b u t i o n  when a = 1 a n a  t h e  R a y l e i g h  d i s t r i b u t i o n  
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when a = 2; i t  co r re sponds  to  a n e a r l y  n o r m a l  d i s t r i b u t i o n  
when a = 3.57 ( 2 2 ) .  From Equation [61 i t  fol lowed a s  shown i n  
Reference  1, t h a t  





- a K = -  
e-1 
e = t h e  b a s e  of n a t u r a l  l o g a r i t h m s  
= 2.7183 
Employing these   va lues ,   Equat ion  [61 t a k e s   t h e  form 
- [I - exp(-a  ) I  e a - 
1 = - - ~~ r e-1 
ma x r 
[ 71 
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Equation [ 7 ]  shows t h a t  when the  a s sumpt ions  ind ica t ed  in  
Equat ions [ 51  and [61 a r e  employed, t h e   n o r m a l i z e d   e r o s i o n   r a t e  
a t  any  normalized  time,, T, depends  on a s i n g l e   c o n s t a n t , a .  A s  
17 
i nd ica t ed  above ,  t he  numer i ca l  va lue  o f  a depends on t h e  m a t e r i a l  
being  eroded  and on t h e  magnitude  of  the  impact stress.  Using 
a s e r i e s  of cons t an t  va lues  o f  a i n  E q u a t i o n  [7 ] ,  t he  no rma l i zed  
e r o s i o n  r a t e  r/r c a n  b e  p l o t t e d  as a f u n c t i o n  o f  r e l a t i v e  
exposure t ime T with  a as t h e  p a r a m e t e r .  
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A t  t h i s   j unc tu re ,   t he   fo l lowing   po in t s   abou t   t he   e l emen ta ry  
theory  d iscussed  above  are  worthy of c o n s i d e r a t i o n :  
1. The theo ry  i s  n o t   l i m i t e d   t o   t h e   u s e   o f   W e i b u l l  
t y p e  d i s t r i b u t i o n s  t o  r e p r e s e n t  t h e  e f f i c i e n c y  of  energy aborp-  
t i o n .  I n  f a c t ,  i t  i s  a l s o  p o s s i b l e  t o  u s e  a d i r e c t  r e l a t i o n s h i p  
between the energy absorpt ion capaci ty  and the number of  impacts .  
A s  of now no  such  quan t i t a t ive  r e l a t ionsh ip  ex i s t s  a l though  one  
may d e v e l o p  a n  e m p i r i c a l  r e l a t i o n s h i p  t o  f i t  t h e  a v a i l a b l e  e x -  
pe r imen ta l  data. For example Manson (23) has   p resented   exper i -  
men ta l  ev idence  to  show how work hardening or work so f t en ing  o f  
metals proceeds w i t h  number  of f a t i g u e   c y c l e s .  The f a c t   t h a t  
t h e  phenomenon of work hardening or work s o f t e n i n g  i s  impor tan t  
i n  the  e ros ion  process  has  been  poin ted  out  by many i n v e s t i g a t o r s  
inc luding   Engel  ( 2 4 ) .  However, t h e   s t a t e - o f - t h e - a r t  i s  not   ade-  
q u a t e  t o  d e v e l o p  a g e n e r a l  m a t h e m a t i c a l  r e l a t i o n s h i p  t o  f i t  t h e  
exper imenta l  data.  For t h i s   r e a s o n ,   t h e   W e i b u l l   t y p e  d i s t r i -  
butions  were  used as a f i r s t  a t t e m p t .  
2 .  I n   t h e   e l e m e n t a r y   t h e o r y   o n l y   t h e   e f f i c i e n c y  
f u n c t i o n  q ( t )  was assumed t o  b e  a s t a t i s t i c a l  d i s t r i b u t i o n .  
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However, t h e  d r o p  s i z e  d i s t r i b u t i o n  (or b u b b l e  s i z e  d i s t r i b u t i o n  
i n  t h e  c a s e  o f  c a v i t a t i o n )  a n d  t h e  s u r f a c e  r o u g h n e s s  d i s t r i b u t i o n  
are  b o t h  s t a t i s t i c a l  q u a n t i t i e s .  For t h i s  reason ,  i t  was p o i n t e d  
o u t  i n  R e f e r e n c e  3 tha t  a g e n e r a l  t h e o r y  o f  e r o s i o n  would lead to 
a n  e r o s i o n  d i s t r i b u t i o n  f u n c t i o n ,  w h i c h  would t a k e  i n t o  a c c o u n t  
a l l  o f  t he  above  pa rame te r s .  
3 .  Again, i t  was assumed i n   t h e   e l e m e n t a r y   t h e o r y ,  
t h a t  t h e  v a l u e  o f  t h e  shape  parameter  a ,  was e x a c t l y  t h e  same as 
one would obtain from a f a t i g u e  l i f e  d i s t r i b u t i o n  f o r  t h e  m a t e r i a l .  
Another  assumption involved i s  t h a t  t h e  v a l u e  o f  a i s  unique a t  
a l l  s t ress  l e v e l s .  However, i t  i s  known t h a t  t h e   v a l u e   o f   t h e  
shape  parameter  depends  upon t h e  s t ress  l e v e l ,  t h e  p re sence  of 
no tches ,  t h e  environment   and  the material ( 2 1 ) .  
With t h i s  background,  the experimental  data  shown i n  F i g -  
ures  13 th rough 16 may b e  reduced to t h e  non-dimensional form by 
d i v i d i n g  t h e  r a t e  o f  loss a t  any t ime by t h e  p e a k  r a t e  of loss,  
t h e  l a t t e r  be ing  ob ta ined  f rom the  cu rve  wh ich  f i t t ed  the  expe r i -  
mental  data b e s t .  The t ime i s  normalized w i t h  r e s p e c t  to t h e  
t ime a t  which t h e  peak   e ros ion  r a t e  i s  observed .   F igures  17 
through 20 show t h e  r e l a t i v e  i n t e n s i t y  o f  e r o s i o n  as a f u n c t i o n  
of t h e  r e l a t i v e  e x p o s u r e  t ime f o r  t h e  f o u r  metals tes'Ced. The 
s o l i d  l i n e s  i n  t hese  f i g u r e s  a r e  t h e o r e t i c a l  p r e d i c t i o n s  of 
Equat ion [71 ob ta ined  by employing a c o n s t a n t  v a l u e  of  a f o r  
each material i n  W e i b u l l  d i s t r i b u t i o n s  o f  t h e  type  g iven  by  
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. . . .. 
Equat ion [ 6 ] .  The agreement   between  the  experimental   and  pre-  
d i c t ed  cu rves  . appea r s  r easonab le  and  lends suppor t  t o  t h e  u s e  o f  
t h e  W e i b u l l  d i s t r i b u t i o n  as a f i r s t  approximation t o  t h e  e f f i c i e n -  
cy   func t ion  q ( t ) .  A s  p o i n t e d   o u t   e a r l i e r ,  t h e  va lue   o f  a i s  
d i f f e r e n t  f o r  d i f f e r e n t  materials and i s  determined-  f rom the ex-  
pe r imen ta l  data by t h e  best  f i t .  Thus, a becomes a n o t h e r  ma- 
t e r i a l  p a r a m e t e r  i n  a d d i t i o n  to t h e  e r o s i o n  s t r e n g t h ,  S . e 
; 
How does  the  va lue  of  t h e  shape .pa rame te r ,  a as determined 
i n  t he  above  eros ion  tes t s  compare  w i t h  t h e  shape parameter ,  a 
as ob ta ined  f rom an  ac tua l  fa t igue l i f e  d i s t r i b u t i o n  f o r  e a c h  
material? I n  o r d e r  t o  make a d i s t i n c t i o n  b e t w e e n  t h e  two  shape 
parameters ,  1.et u s  c a l l  t h e  s h a p e  ‘ p a r a m e t e r  f o r  t h e  e r o s i o n  
d i s t r i b u t i o n  a%, and t h e  shape parameter  f o r  t h e  f a t i g u e  l i f e  
d i s t r i b u t i o n  ua . 
The f a t i g u e  l i f e  d i s t r i b u t i o n  f o r  t h e  f o u r  m a t e r i a l s  were 
expe r imen ta l ly  de t e rmined-us ing  t h e  h igh  f r equency  f a t igue  t ech -  
n i q u e  d e s c r i b e d  e a r l i e r  i n  t h i s  r e p o r t  and  shown i n  F i g u r e s  2 1  
through 24. These data show t h a t  t h e  f a t i g u e  l i f e  d i s t r i b u t i o n  
c o n s i s t s   o f  two p a r t s  as shown i n  F i g u r e s  2 1  through 24. This  i s  
very  similar to t h e  two d i s t r i b u t i o n  i n t e r p r e t a t i o n s  g i v e n  by 
Swanson (25) .  According to Swanson, t h e r e   a r e  two d i s t r i b u t i o n s  
a t  lower stress ampli tudes  (and  hence a t  h i g h  l i f e  c y c l e s )  w i th  
two shape   parameters .  T h i s  i s  gene ra l ly   con f i rmed  by our  t e s t  
r e s u l t s  shown i n  F i g u r e s  21, 22 and  24. I n  o r d e r  t o  s e e  what 
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happens a t  h i g h e r  s t r e s s  l e v e l s  we t e s t ed  commerc ia l ly ,pu re  
n i c k e l  a t  a s t ress  l e v e l  c o r r e s p o n d i n g  t o  mean l i f e  i n  t h e  r a n g e  
of 10 - 10 c y c l e s .  A s  shown i n   F i g u r e  24, t h e  r e s u l t s   t e n d   t o  
show a s i n g l e  d i s t r i b u t i o n  c o r r e s p o n d i n g  t o  an ave rage  va lue  of 
shape   parameter  a, = 3. Thus i t  becomes c l e a r  t h a t  t h e   s h a p e  
parameter  aa depends   upon   t he   s t r e s s   l eve l .  The e r o s i o n  was 
produced a t  much h i g h e r  s t r e s s - l e v e l s  s i n c e  t h e  p a r t i c l e s  were 
f r a c t u r e d  a n d  removed  from t h e  s u r f a c e  of t h e  t e s t  s p e c i m e n s  
w i t h i n  a few thousand  impacts a t  the   mos t .   Moreover ,   the   f rac-  
t u r e  i n  e r o s i o n  i s  produced a t  s h a r p  c o r n e r s  c a u s i n g  s t r e s s  c o n -  
cent ra t ions  whereas  the  dumb-bel l  shaped  fa t igue  spec imen i s  
r a t h e r  i d e a l i z e d  when compared t o  t h e  f r a c t u r e d  p a r t i c l e .  Hence 
t h e  data suppor t  t he  use  o f  a s i n g l e  v a l u e  of a as a f i r s t  
a p p r o x i m a t i o n   i n   a n a l y s i s  of e ros ion .  A s  po in t ed   ou t  by Heymann 
(19)  and by Thiruvengadam ( 3 ) ,  t h e  i n f l u e n c e  o f  o t h e r  c o n t r i b u t i n g  
f a c t o r s  s u c h  as s u r f a c e  r o u g h n e s s  d i s t r i b u t i o n  a n d  d r o p  d i s t r i -  
b u t i o n  m u s t  a l s o  b e  c o n s i d e r e d  i n  a d d i t i o n  t o  t h e  f a t i g u e  l i f e  
d i s t r i b u t i o n .  
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W h i l e  t h e s e  a s p e c t s  a r e  u n d e r  c o n t i n u e d  i n v e s t i g a t i o n s ,  t h e  
r e s u l t s  s o  far  o b t a i n e d  d o  p r o v i d e  v e r y  u s e f u l  p r a c t i c a l  r e s u l t s .  
For e x a m p l e ,  t h e  e f f e c t  o f  t e s t  d u r a t i o n  may b e  q u a n t i t a t i v e l y  
r e d u c e d  i n  a gene ra l i zed   fo rm.  It  can   be   mathemat ica l ly   expressed  
i f  t h e  s h a p e  p a r a m e t e r  a i s  de te rmined  th rough  an  e ros ion  t e s t  
for e a c h   m a t e r i a l .   T h i s   r e l a t i o n s h i p   c a n   b e   i n t e g r a t e d  s o  t h a t  
the  cumula t ive  dep th  of e ros ion  may b e  p r e d i c t e d  a t  d i f f e r e n t  
i n t e n s i t i e s  of  e r o s i o n .  
21 
The Rela t ionship  Between the  Impact  Veloc i ty  and  the  Rate  of 
Ekosion 
The r e l a t i o n s h i p  b e t w e e n  t h e  v e l o c i t y  o f  i m p a c t  a n d  t h e  
r a t e  o f  e r o s i o n  i s  v e r y  i m p o r t a n t  i n  u n d e r s t a n d i n g  t h e  phenomenon 
o f  e ros ion  as w e l l  as i n  e x t r a p o l a t i n g  l a b o r a t o r y  d a t a  t o  p r a c -  
t i c a l   p r o b l e m s .  Heymann (26)  has  ummarized  most of t h e   a v a i l a b l e  
in fo rma t ion  on t h i s  a s p e c t .   W i t h o u t   c o n s i d e r i n g   t h e   e f f e c t   o f  
t e s t  d u r a t i o n ,  s e v e r a l  i n v e s t i g a t o r s  h a v e  f o u n d  t h a t  t h e  r a t e  o f  
e r o s i o n  v a r i e s  as some  power o f  t he  impac t  ve loc i ty  as l i s t e d  b e -  
 OW ( 2 6 ) :  
Author Ekp on en t 
Honegger 2 .0  
Pears  on 2 .6  
Hoff e t .  a l .  5 - 7  
Hobbs 5 
A f t e r  a n a l y z i n g  a l l  t h e s e  d a t a ,  Heymann ( 2 6 )  came to t he  con-  
c l u s i o n  t h a t  t h e  e x p o n e n t  will g e n e r a l l y  b e  o f  t h e  o r d e r  o f  5. 
The experimenters (whose data were  used  by Heymann for h i s  
e m p i r i c a l  a n a l y s i s  a n d  d i s c u s s i o n )  d i d  n o t  c o n s i d e r  t h e  i n t e r -  
a c t i n g   e f f e c t   o f   t e s t   d u r a t i o n  on t h e   v e l o c i t y   e f f e c t s .  Only 
r e c e n t l y  i s  the  impor t ance  o f  t e s t -du ra t ion  be ing  r ecogn i , zed  by 
va r ious   expe r imen te r s .  
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I n  o u r  a n a l y s i s  t h e  peak r a t e  of volume loss as shown i n  
F i g u r e s  13 th rough 16 a re  p l o t t e d  as a f u n c t i o n  of impact  ve-  
l o c i t y  i n  F i g u r e  25. The s o l i d  l i n e s  i n  F i g u r e  25 correspond 
t o  a f i f t h  power v a r i a t i o n .  I n  o t h e r  w o r d s ,  t h e  peak r a t e  of  
e r o s i o n  v a r i e s  n e a r l y  as t h e  f i f t h  power of t h e  v e l o c i t y  o f  i m -  
p a c t .  S i m i l a r l y  t h e  t ime a t  which t h e  peak r a t e  i s  observed i s  
a l s o  shown p l o t t e d  a g a i n s t  i m p a c t  v e l o c i t y  i n  F i g u r e  26 and t h e  
s o l i d  l i n e s  i n  t h i s  f i g u r e  c o r r e s p o n d  t o  a one f i f t h  power 
v a r i a t i o n .  To s u m m a r i z e   t h e s e   r e s u l t s ,  
'peak 
a ( approximat e l y  ) C83 
C91 
where 
'peak - i s  t h e  maximum i n t e n s i t y  o f  e r o s i o n ,  
t, - i s  t h e  t i m e  a t  which t h e  p e a k  i n t e n s i t y  i s  
ob s e rv  ed , and 
U - i s  t h e   i m p a c t   v e l o c i t y .  
S e v e r a l  i n v e s t i g a t o r s  i n c l u d i n g  Heymann have  advocated a 
r e l a t i o n s h i p  of t he  fo rm 
'peak (U-UT)m 
where U i s  t h e  t h r e s h o l d   v e l o c i t y .  The i n t r o d u c t i o n   o f  
t h r e s h o l d  v e l o c i t y  i s  ve ry  use fu l  ma in ly  because  t h i s  avoids  t h e  
T 
i m p l i c a t i o n  i n  E q u a t i o n  [81 t h a t  some e r o s i o n  will occur even a t  
v e r y  low i m p a c t  v e l o c i t i e s .  When  we i n c l u d e d   t h e   t h r e s h o l d   v e -  
l o c i t y  i n  o u r  a n a l y s i s ,  t h e  e x p o n e n t ,  m, was s t i l l  c l o s e  t o  5 
(1). This i s  somewhat i n c o n s i s t e n t  w i t h  Heymann's  conclusion 
t h a t   t h e   e x p o n e n t  i s  i n  between 2.3 and 2 .7 .  A d d i t i o n a l   i n v e s -  
t i g a t i o n s  a r e  n e e d e d  i n  o r d e r  t o  r e s o l v e  t h i s  a s p e c t .  
COMPARISON OF LIQUID IMPACT  EROSION  STRENGTH 
AND CAVITATION EROSION  STRENGTH 
Dur ing  the  1965 ASTM Symposium on Erosion by C a v i t a t i o n  or 
Impingement,  Thiruvengadam ( 2 )  sugges ted  a d e f i n i t i o n  of e r o s i o n  
s t r eng th  and  a method to d e t e r m i n e  t h e  e r o s i o n  s t r e n g t h  from an 
e r o s i o n   t e s t .   U s i n g   t h i s   a p p r o a c h ,   t h e   e r o s i o n   s t r e n g t h s  for 
t h e  f o u r  t e s t  m a t e r i a l s  s t u d i e d  u n d e r  t h i s  p r o g r a m  w e r e  d e t e r m i n e d  
b o t h  f o r  m u l t i p l e  l i q u i d  i m p a c t  e r o s i o n  a n d  for c a v i t a t i o n  e r o s i o n  
p roduced   i n  a v ibra tory   appai !a tus .  The procedure  for t h e  d e t e r -  
minat ion of t h e  e r o s i o n  s t r e n g t h  i s  as fo l lows :  
The i n t e n s i t y  o f  e r o s i o n ,  d e f i n e d  as t h e  power  absorbed 
by t h e  m a t e r i a l  p e r  u n i t  a r e a ,  i s  g iven  by 
AV e 




hV i s  t h e  volume of e ros ion ,  




Ae i s  t h e   a r e a   o f   e r o s i o n  
i i s  the   average   depth   o f   e ros ion ,   and  
'e i s  t h e   e r o s i o n   s t r e n g t h  
I n  a g i v e n  e r o s i o n  t e s t ,  t h e  r a t e  o f  volume loss i s  t ime de- 
pendent,  Hence i t  becomes e s s e n t i a l   t o   c h o o s e  a c h a r a c t e r i s t i c  
r a t e  of volume loss. I n   R e f e r e n c e  2, t h e  s t e a d y  s t a t e  r a t e  was 
taken  as t h e  c h a r a c t e r i s t i c  r a t e  of volume loss, t h u s  e l i m i n a t i n g  
t h e   i n t e r a c t i n g   t i m e   d e p e n d e n c e .  However i t  t a k e s  q u i t e  a b i t  of 
t i m e  b e f o r e  s t e a d y  s t a t e  i s  r e a c h e d ,  e s p e c i a l l y  f o r  s t r o n g e r  m a -  
t e r i a l s .  F o r  t h i s  r eason ,  we s e l e c t e d  i n  t h e  p r e s e n t  r e p o r t  t h e  
p e a k  r a t e  of e r o s i o n  as t h e  c h a r a c t e r i s t i c  v a l u e .  The p e a k  r a t e  
and t h e  s t e a d y  s t a t e  r a t e  a r e  r e l a t e d  as shown i n  F i g u r e s  17 
through 20. 
The p e a k  r a t e s  of volume loss f o r  t h e  f o u r  m a t e r i a l s  a r e  
shown i n   T a b l e  1. These   va lues   a re   ob ta ined   f rom  F igure  25. 
The p r o j e c t e d  a r e a  of t h e  c y l i n d r i c a l  j e t  (1/32" x 3 / 8 " )  i s  
t aken  as t h e  a r e a  of e r o s i o n .  From t h e s e  data, t h e  peals r a t e  of 
depth  of e r o s i o n  i s  computed fo r   each   ma te r i a l .   Adop t ing  com- 
m e r c i a l l y  p u r e  a n n e a l e d  n i c k e l  as t h e  s t a n d a r d  m a t e r i a l  whose 
s t r a i n  e n e r g y  i s  i d e n t i c a l l y  e q u a l  t o  i t s  e r o s i o n  s t r e n g t h ,  t h e  
i n t e n s i t y   o f   e r o s i o n  i s  computed. The v a l u e  f o r  t h e  s t r a i n  
e n e r g y  f o r  n i c k e l  us'ed i s  20,000 p s i  as r e p o r t e d  i n  t h e  l i t e r a -  
t u r e  (for example  Reference 27) .  A t  350  f p s ,  t h e  p e a k  i n t e n s i t y  
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i s  computed  from  Equation [lo] t o  b e  a b o u t  18 watts p e r  s q u a r e  
meter.  Us ing   t h i s   va lue   o f  t h e  i n t e n s i t y ,   t h e   e r o s i o n   s t r e n g t h s  
for t h e  o t h e r  t h r e e  metals are  computed as shown i n  T a b l e  1. 
S i m i l a r l y ,  c a v i t a t i o n  e r o s i o n  t e s t s  w e r e  c o n d u c t e d  i n  t h e  
m a g n e t o s t r i c t i o n  v i b r a t o r y  a p p a r a t u s  u s i n g  d i s t i l l e d  water as 
t h e  t e s t  l i q u i d .  The r e s u l t s  a r e  shown i n  F i g u r e s  27 through 30. 
The p e a k   r a t e s   o f   e r o s i o n  a re  t a b u - l a t e d   i n  Table  2.  The i n t e n s i t y  
f o r  t h i s  c a s e  i s  ca l cu la t ed  f rom Equa t ion  [lo] t o  b e  about  2.5 
watts p e r   s q u a r e  meter.  The c a v i t a t i o n   e r o s i o n   s t r e n g t h s   o f  t h e  
f o u r  t e s t  materials a re  a l s o  shown i n  T a b l e  2.  While t h e   r a n k i n g  
o f  t h e  metals a r e  t h e  same both  for t h e  m u l t i p l e  l i q u i d  i m p a c t  
e ros ion  and  for c a v i t a t i o n  e r o s i o n ,  t h e  a c t u a l  numbers  do  not 
a g r e e .   B e f o r e   a n y   d e f i n i t e   c o n c l u s i o n  may be   reached ,  more i n -  
v e s t i g a t i o n s  a l o n g  these  l i n e s  a r e  necessa ry .  
IMPLICATIONS OF THESE RESULTS FOR 
POTASSIUM AND CESIUM VAPOR TURBINES 
The u l t i m a t e  o b j e c t i v e  o f  t h e s e  s t u d i e s  i s  t o  u s e  t h e  
r e s u l t s  i n  t h e  d e s i g n  of e ros ion  f r ee  space  power  sys t ems .  
S p e c i f i c a l l y  t h e  c u r r e n t  i n t e r e s t  l i e s  i n  t h e  l i q u i d  m e t a l  v a p o r  
tu rb ines   w i th   po ta s s ium o r  cesium as w o r k i n g  f l u i d s  ( e . g . ,  28). 
I n  view  of t h i s ,  i t  becomes  important t o  c o n s i d e r  some of  t h e  
i m p l i c a t i o n s  of t h e  p r e s e n t  s t u d y  for potass ium and ces ium tur -  
b i n e s .  The parameters  of  i n t e r e s t  i n  p r a c t i c a l  t u r b i n e s  a r e :  
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1. t h e   s i z e   a n d   s h a p e   o f   d r o p s  
2. t h e  number  of  impacts 
3 .  t h e   r e l a t i v e   d r o p   i m p a c t   v e l o c i t i e s  
4. t h e   a n g l e   o f   i m p a c t  of t h e   d r o p s ,  and 
5. t h e   r e s i s t a n c e  of  c a n d i d a t e   m a t e r i a l s .  
Each  of t hese  pa rame te r s  is  d i s c u s s e d  i n  t h i s  s e c t i o n  i n  l i g h t  
of t h e  r e s u l t s  g e n e r a t e d  u n d e r  t h e  c u r r e n t  p r o g r a m .  
Shape and Size of  Drops 
Although t h e  water j e t  u s e d  i n  t h e  p r e s e n t  s t u d i e s  looks 
so l id  be fo re  impac t ,  t he  obse rva t ion  o f  e roded  su r faces  on a l u -  
minum shows s p h e r i c a l  i n d e n t a t i o n s  r e s e m b l i n g  d r o p  i m p a c t  
phenomena.  The d i ame te r  of t h e  j e t  u s e d  i n  t h e  l a b o r a t o r y  
experiment  i s  1/32 inch .   This   cor responds  t o  795 microns (795 
x 10 m e t e r s ) .  This compares  well with t h e   o b s e r v a t i o n  of 
C h r i s t i e  a n d  Hayward (29) who i n  1965 r e p o r t e d  t h e i r  o b s e r v a t i o n s  
i n  a n  o p e r a t i n g  s t e a m  t u r b i n e  u s i n g  a per i scope  and  a movie 
camera. The drops had- a maximum diameter  of  450  microns.  
Pouchot ( 3 0 )  of West inghouse Astronuclear  Laboratory estimated 
a maximum of 130 m i c r o n s  f o r  t h e  d r o p s  i n  t h e  t h i r d  s t a g e  o f  t h e  
NASA - GE po tas s ium vapor  tu rb ine .  The ;.BrX"i! group (Baker, 
E l l i o t t ,  J o n e s  a n d  P e a r s o n  (31)) working a t  t h e  C e n t r a l  E l e c -  
t r i c i t y  Board, use a drop s i z e  s p e c t r u m  w i t h  a mean d r o p  s i z e  o f  
660 microns i n  t h e i r  a p p a r a t u s .  
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Number of Impacts 
The in fo rma t ion  on t h e  number of drop impacts a t  a. gi.Wn 
l o c a t i o n  on t h e  t u r b i n e  b lade  i n  a g iven  pe r iod  o f  obse rva t ion  
i s  ve ry  sca rce  due  t o  t he  o b v i o u s  d i f f i c u l t i e s  i n  o b t a i n i n g  s u c h  
in fo rma t ion .  Hawever,  Gyarmathy (32) makes a cornputatLon f o r  a 
t y p i c a l  steam t u r b i n e  blade r o t a t i n g  a t  t i p  s p e e d  o f  820 fps  and 
comes  up wi th  a n  estimate of 13 impacts  per  second a t  a g iven  
loca t ion .   Th i s   co r re sponds  t o  5 x 10 i m p a c t s   i n  10,000 hour s ,  8 
R e l a t i v e  D r o D  ImDact V e l o c i t i e s  
The r e l a t i v e  v e l o c i t y  o f  t h e  d r o p  n o r m a l  t o  t h e  bMde depends 
ve ry  much on t h e  blade angle, t h e  r e l a t i v e  s p e e d  o f  t h e  d r o p  a n d  
many o t h e r  f a c t o r s  c o n t r o l l i n g  t h e  d y n a m i c s  o f  t h e  d r o p s  i n  t h e  
s h o r t   d i s t a n c e .  A p r e l i m i n a r y   a n a l y s i s  shows that drop  impact 
v e l o c i t i e s  may be of t h e  o rde r  o f  40 t o  50 p e r c e n t  o f  t h e  t i p  
speed  depending  upon t h e  s p e c i f i c  c a s e .  For t h e  t y p i c a l  steam 
t u r b i n e s  t h e  r e l a t i v e  i m p a c t  s p e e d s  would range from 500 f p s  t o  
1000 fps .  The re  may be fewer drops  of  larger s i z e  i m p i n g i n g  a t  
v e l o c i t i e s  h i g h e r  t h a n  this  v e l o c i t y  range. 
It i s  i n t e r e s t i n g  t o  note that t h e  r e l a t i v e  i m p a c t  v e l o c i t i e s  
f o r  t h e  NASA - GE potassium vapor  turbines  were est imated by t h r e e  
g roups  o f  s c i en t i s t s  i ndependen t ly  and  r epor t ed  a t  t h e  October 15, 
1968 conference  a t  C i n c i n n a t i  as fo l lows:  
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P i t c h   T i p  
West inghouse  Elec t r ic  Company 440 f p s  530 f p s  
G e n e r a l  E l e c t r i c  Company 280 f p s  440 f p s  
KYDRONAUTICS, I n c o r p o r a t e d  260 f p s  400 f p s  
Angle of Impact of the Drops 
B p e r i m e n t s   b y   F y a l l  " e t  a1 (33) and  Hoff " e t  a1 (34) have 
shown t h a t  t h e  t h r e s h o l d  v e l o c i t y  i s  independent  of t h e  a n g l e  of 
i n c i d e n c e  o f  t h e  d r o p s  i f  the  no rma l  component  of t he  impac t  
v e l o c i t y  i s  cons idered .  
The Res i s t ance  o f  Cand ida te  Materials 
The fo l lowing   quota t ion   f rom  Baker  " e t  a1 (31) i l l u s t r a t e s  
t h e  s t a t e - o f - t h e - a r t  up t o  1967. 
" A t  b l a d e  t i p  v e l o c i t i e s  a b o v e  a b o u t  300 me te r s  pe r  
second, t h e  e r o s i o n  damage s u f f e r e d  by  convent iona l  b lad ing  m a -  
t e r i a l s ,  s u c h  as l% chromium t y p e  s t e e l s ,  i s  unacceptab le  and  
t h e  l e a d i n g  s u r f a c e s  o f  b l a d e s  a r e  f i t t e d  with s h i e l d s  o f  a more 
e r o s i o n  r e s i s t a n t  m a t e r i a l  s u c h  as h igh  speed  tool s t e e l  o r  
c o b a l t  chromium base a l l o y s .  However, t h e  blade t i p  v e l o c i t i e s  
e n c o u n t e r e d  i n  t h e  500 MW machines now being commissioned are 
i n  excess  of 500 mete r s  pe r  s econd  and  the re  i s  a need f o r  more 
r e s i s t a n t   m a t e r i a l s .  I'  
It i s  impor t an t  t o  n o t e  t h a t  t h e  a c t u a l  d r o p  i m p a c t  v e -  
l o c i t i e s  c o r r e s p o n d i n g  t o  a blade t i p  s p e e d  o f  300 me te r s  pe r  
29 
second may range  f rom 500 fps   and  upwards.   Moreover ,   the   tes t  
data by Baker " e t  a1 show t h a t  a l l  t h e  c a n d i d a t e   m a t e r i a l s   t h e y  
t e s t e d  showed s u b s t a n t i a l  e r o s i o n  i n  l e s s  t h a n  100 hours of 
t e s t i n g  a t  an   impac t   ve loc i ty  of 1000 fps .   For   example ,   the  
S t e l l i t e  6 lost about  100 mg/cm2 i n  less t h a n  3 0  h o u r s  t e s t  a t  
a v e l o c i t y  of 1000 f p s .  Some of t h e i r  newly  developed  cobalt  
chromium a l l o y s  lost about  100 mg/cm2 in  abou t  150  hour s  at  t h i s  
t e s t  v e l o c i t y .  
The e x t e n t  of e ros ion  p rob lems  in  the  s t eam tu rb ines  ope r -  
a t i n g  i n  U. S .  A.  are  wel l  documented by Sa jben  (35) wi th  com- 
p a r a t i v e  p h o t o g r a p h s .  A more r e c e n t  d i s c u s s i o n  a p p e a r s  i n  a 
survey  by Fraas ,  Young and  Gr inde l l  (36) .  
I n  o r d e r  to d e t e r m i n e  t h e  e r o s i o n  r e s i s t a n c e  of some o f  t h e  
c a n d i d a t e  m a t e r i a l s  f o r  t h e  NASA space  power systems, we t e s t e d  
t h e  f o l l o w i n g  t h r e e  m a t e r i a l s  i n  our t e s t  f a c i l i t y :  
1. S t e l l i t e  6B 
2. Udimet 700, 
3 .  TZM 
The t e s t  l i q u i d  was l abora to ry   t ap   wa te r  a t  68 F. F igu res  31, 
32,  and 33 show the  r e l a t ionsh ip  be tween  impac t  ve loc i ty  and  the  
number of impacts  a t  which t h e  e r o s i o n  was obse rved .   In   each  
f i g u r e  two s e t s  of o b s e r v a t i o n s   a r e   r e c o r d e d .  One i s  t h e  number 
of impacts  at  which t h e  i n c e p t i o n  of p l a s t i c  d e n t i n g  was observed 
a t  10 X magn i f i ca t ion .  The o t h e r  i s  t h e  number of impacts  a t  
which v i s i b l e  f r a c t u r e  was observed on t h e  s u r f a c e .  
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According to t h e s e  e x p e r i m e n t s ,  t h e  t h r e s h o l d  v e l o c i t i e s  
cor responding  t o  a m i l l i o n  water imp,acts a t  room tempera tu re  a re  
350 f p s ,  310 f p s  and 225 f p s  f o r  S t e l l i t e  6B, TZM and  Udimet 700 
r e s p e c t i v e l y .  As shown i n  T a b l e  3 ,  t h e  PC v a l u e s  f o r  l i q u i d  p o -  
t a s s i u m  a n d  f o r  l i q u i d  c e s i u m  a r e  a b o u t  70 p e r c e n t  o f  t h a t  f o r  
water. If we a s sume   t ha t   t he   mechan ica l   p rope r t i e s   do   no t  
d e t e r i o r a t e  v e r y  much wi th  t empera tu re  and  tha t  t he  co r ros ive  
i n t e r a c t i o n  i s  no t  much, t h e n  t h e  t h r e s h o l d  v e l o c i t i e s  c o r r e -  
sponding t o  a m i l l i o n  l i q u i d  metal impacts  would  be  of  the  order  
of 500 f p s ,  440 f p s  a n d  3 2 0  f p s  f o r  S t e l l i t e  6B, TZM and  Udimet 
T O O  r e spec t ive ly .   A l though   t he   a s sumpt ions   conce rn ing   t he  tem- 
p e r a t u r e  e f f e c t s  a n d  t h e  c o r r o s i o n  e f f e c t s  a r e  n o t  v a l i d ,  t h e  
a c t u a l  o p e r a t i n g  e x p e r i e n c e  of t h e  NASA - GE p o t a s s i u m  v a p o r  t u r -  
b i n e   s u p p o r t s   t h e s e   p r o j e c t i o n s .  Young and Johns ton  ( 3 7 )  con- 
d u c t e d  c a v i t a t i o n  e r o s i o n  t e s t s  i n  l i q u i d  s o d i u m  a t  800 F on 
S t e l l i t e  6B and  Udimet 700 a n d  f o u n d  t h a t  S t e l l i t e  e x h i b i t e d  
b e t t e r  e r o s i o n   r e s i s t a n c e  as compared t o  Udimet 700. This   sup-  
p o r t s  o u r  f i n d i n g  a l t h o u g h  o u r  r e s u l t  i s  based on t h e  t h r e s h o l d  
o f  t h e s e  m a t e r i a l s  (much b e f o r e  t h e  a c t u a l  f r a c t u r e  o f  t h e  m a -  
t e r i a l  o c c u r r e d )  w h e r e a s  t h e  e x p e r i m e n t s  by Young and Johnston 
(37)  c o n s i d e r e d  t h e  r e s i s t a n c e  o f  t h e s e  m a t e r i a l s  when t h e  m a -  
t e r i a l  was a c t u a l l y   f r a c t u r e d   f r o m   t h e   s u r f a c e .   F o r   f u r t h e r  
c l a r i f i c a t i o n  of t h i s  p r o b l e m  a d d i t i o n a l  s y s t e m a t i c  e x p e r i m e n t s  
would be  r e q u i r e d .  
0 
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C o n s i d e r i n g  t h e  f a c t  t h a t  t h e  p r e s e n t  i n v e s t i g a t i o n s  a re  of  
b a s i c  n a t u r e  a n d  t h a t  they  a re  i n  t h e i r  e a r l y  s tages ,  t he  above  
r e s u l t s  show that  t h e s e  i n v e s t i g a t i o n s  a r e  h i g h l y  r e l e v a n t  i n  
unde r s t and ing  and  so lv ing  the  p rac t i ca l  p rob lem o f  tu rb ine  
e r o s i o n  i n  s e r v i c e .  
CONCLUDING REMARKS 
The s y s t e m a t i c  i n v e s t i g a t i o n s  p r e s e n t e d  i n  t h i s  r e p o r t  lead 
to s e v e r a l   i n t e r e s t i n g   r e s u l t s .   F o r   e x a m p l e ,   t h e   t h r e s h o l d  water 
hammer p r e s s u r e  i s  n e a r l y  1/2 to 1/3 of  t h e  f a t igue  endurance  
limit f o r  t h e  cor responding  s t ress  c y c l e s  as s e e n  i n  F i g u r e  11. 
Why s h o u l d  v i s i b l e  e r o s i o n  be  i n i t i a t e d  a t  a s t r e s s  much lower 
t h a n  t h e  f a i l u r e  s t r e s s  l e v e l ?  The answer to t h i s  q u e s t i o n  i s  
n o t   v e r y   c l e a r  a t  p r e s e n t .   T h e r e  a r e  seve ra l   cu r so ry   exp lana -  
t i o n s .  The p l a s t i c  i n d e n t a t i o n s  may b e  produced a t  a much lower 
s t r e s s  l e v e l  t h a n  t h e  f a t i g u e  s t ress  necessa ry  to f r a c t u r e  t h e  
metal. The s t r u c t u r a l  p r o p e r t i e s  o f  t h e  m a t e r i a l  may a l s o  be  
impor tan t  as i n d i c a t e d  by t h e   t i t a n i u m   a l l o y .   N e a r   t h r e s h o l d ,  
t h e  e f f e c t  o f  c o r r o s i v e  i n t e r a c t i o n  may b e  e q u a l l y  i m p o r t a n t .  
The one-d imens iona l  ana lys i s  lead ing  to t h e  de Hal ler  equa t ion  
(Equat ion  2 )  may no t  be  adequa te  to p r e d i c t  t h e  i m p a c t  p r e s s u r e  
p roduced   by   l i qu id   impac t .   I n   sp i t e   o f   t hese   un reso lved   ques t ions  
t h e  r e s u l t s  p r e s e n t e d  i n  F i g u r e s  10 and 11 a re  v e r y  u s e f u l  as a 
g u i d e  to t h e  d e s i g n e r .  
32 
The r a t e  of e ros ion  caused  by  mul t ip l e  l i qu id  impac t  i s  
ve ry  much dependent   on   the   exposure  t ime.  An a t t empt  has been 
made t o  c o r r e l a t e  these  e x p e r i m e n t a l  d a t a  w i t h  t h e  e r o s i o n  t h e o r y  
r e c e n t l y   d e v e l o p e d   t o   p r e d i c t   c a v i t a t i o n   e r o s i o n .  The shape 
p a r a m e t e r  o b t a i n e d  i n  a h igh  frequency f a t i g u e  curve  a t  s t ress  
l e v e l s  c o r r e s p o n d i n g  t o  a l i f e   i n  t h e  r ange  o f  10 m i l l i o n  c y c l e s  
i s  much lower  than  t h e  s h a p e  p a r a m e t e r  r e q u i r e d  t o  p r e d i c t  t h e  
e r o s i o n  rates.  However when t h e  d i s t r i b u t i o n  c u r v e  i s  gene ra t ed  
a t  a h i g h e r  s t r e s s  l e v e l  c o r r e s p o n d i n g  t o  a l i f e  i n  t h e  r a n g e  o f  
10 - 10 c y c l e s ,   t h e   s h a p e   p a r a m e t e r   o b t a i n e d   i n  t h e  f a t i g u e  
d i s t r i b u t i o n  i s  c l o s e r  to t h e  s h a p e  p a r a m e t e r  f o r  t h e  e r o s i o n  
d i s t r i b u t i o n .  
. 
6 7 
The e r o s i o n  s t r e n g t h s  o f  t h e s e  fou r  ma te r i a l s  have  been  
e v a l u a t e d  b o t h  f o r  t h e  m u l t i p l e  l i q u i d  i m p a c t  e r o s i o n  a n d  f o r  
c a v i t a t i o n   e r o s i o n .   W h i l e   t h e   r a n k i n g   o f   t h e  materials i s  t h e  
same fo r  bo th  types  o f  e ros ion ,  t he  ac tua l  va lues  ‘o f  e ros ion  
s t r e n g t h s  d o  n o t  a g r e e .  
The peak r a t e  o f  e r o s i o n  v a r i e s  as t h e  f i f t h  power of t h e  
v e l o c i t y   o f   i m p a c t .  The t ime a t  which the   peak  r a t e  o f   e ros ion  
i s  o b s e r v e d  v a r i e s  as t h e  o n e - f i f t h  power  of t h e  impac t  ve loc i ty .  
T h i s  r e s u l t  i s  p a r t i c u l a r l y  i n t e r e s t i n g  b e c a u s e  t h e  i n t e r a c t i n g  
i n f l u e n c e  o f  t e s t i n g  t ime i s  a l s o  c o n s i d e r e d  i n  t h i s  c o r r e l a t i o n  
i n  c o n t r a s t  t o  t h e  p r e v i o u s   a t t e m p t s .   F u r t h e r m o r e ,   t h e   i n c l u s i o n  
o f  t h r e s h o l d  v e l o c i t y  i n  t h e  c o r r e l a t i o n  d o e s  n o t  r e d u c e  t h e  
33 
v a l u e  of t h e   e x p o n e n t   s u b s t a n t i a l l y .   A l t h o u g h  t h e  p rev ious  
i n v e s t i g a t i o n s  d o  p o i n t  o u t  a r e d u c t i o n  i n  t h e  exponen t ,  fu r the r  
i n v e s t i g a t i o n s  on t h i s  a s p e c t  a r e  n e e d e d  t o  e l u c i d a t e  t h i s  p o i n t .  
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TABLE 1 
Mul t ip le   L iquid   Impact   Eros ion  ~ _ _ _ _ _ _ _ _ _ _ _ _ ~  . "~ S t r e n g t h  -" - - - 
Diameter of Water J e t  1/32  Inch.  Specimen Diameter 3/8 i n c h .  
Water Temperature 68OF. 
S t r a i n  Energy of Commercially Pure Nickel = 20,000 p s i  







Eros ion  
R a t  e 
cc/hr  
0.4 x 
70 x 10-3 
Eros ion  
S t r e n g t h ,  
p s i  







I = 18 
watts /sq .m 
Note: A l l  the   meta ls   were   annea led   before   machin ing .  
The 316 SS i s  co ld  drawn 3/8 r o d .  
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TABLE 2 
- C a v i t a t i o n  -~ Eros ion   S t r eng th  
Specimen  Diatermeter 3/8 Inch .   Magnetos t r ic t ion   Vibra tory   Appara tus  
D i s t i l l e d  Water a t  68OF. 
S t r a i n  Energy of Commercially  Pure  Nickel: 20,000 p s i  
Double  Amplitude: 3 x 10-3 in .   Frequency  13.5 kc 
M a t e r i a l  
Nickel  
B-160 
S t a i n l e s s  
S t e e l  316 
T i t a n i u m  




c c /hr 
Eros ion  Rate ,  
2 .8  x 
1.0 x 
0.9 x 
100 x 10-3 
- "_ 
E r  os i o n  
S t r e n g t h ,  






Note: A l l  metals  were  annealed  before  machining. 
The 316 SS i s  co ld  drawn 3/8 rod .  
I = 2.5 w/sq.m. 
( S e e   t e x t  pg.  26) 
e 
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TABLE 3 
P r o p e r t i e s  of Water, Potassium ~~ and Cesium (Reference 28) 
7 
Water Q 
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ROTATING DISC 
2 1/2 hp HIGH SPEED 
DR I VE MOTOR 




SAFETY SHIELD \ / 
NON FOGGING CONTROL TIMER 
VIEW WINDOW 
- TEST LIQUID 7 SOLENOID VALVE 
CONTROLLED) 
(TIMER 
FIGURE 1 - GENERAL VIEW OF HYDRONAUTICS JET IMPACT EROSION FACILITY 
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a SPECIMEN MOVING 





S P E C I M E N  
I M P A C T  OF LIQUID J E T  BY T E S T   S P E C I M E N  
FIGURE 2 a 
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APPROXIMATE SECTIONS 
FIGURE 3 - ROTATING DISC CAPABLE OF HOLDING SIX SPECIMENS 
FREQUENCY 
OSCILLOSCOPE COUNTER 
STACK COOLING BATH 
RANSDUCER STACK 
DISPLACEMENT 
PICK UP COIL 
NODAL SUPPORT 
CONSTANT TEMPERATURE BATH 
FIGURE 4 - BLOCK DIAGRAM OF THE MAGNETOSTRICTION APPARATUS USED 
FOR HIGH FREQU-ENCY FATIGUE TESTS 
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A 
(;)* = AREA RATIO 
- AND - ARE RELATIVE LENGTHS &l a2 
A A 
WHERE A = WAVE LENGTH OF THE MATERIAL 
FOR THE TEST FREQUENCY 
CURVE OBTAINED FROM NEPPIRAS’THEORY 
FOR A N  AREA RATIO = 9 I 
FIGURE 5 - BASIC APPROACH FOR THE DESIGN OF DUMB-BELL 
SHAPED FATIGUE SPECIMENS 
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1/4 - 28 N F  - 2 
0.125 - -" 
'\ 
?" 
r = 0.625 
4 3/32 THREAD RELIEF 0.775  DIA STOCK SLIGHTLY SMALLER 
THAN ROOT DIA 
DECIMALS *o. 001 NOTE: 0.625 r REDUCED  AREA TO BE GROUND 
FRACTIONS *0.010 
FINISH #l 125 UNLESS NOTED ALL DIMENSIONS ARE IN INCHES 
AND POLISHED TO 32 RMS MINIMUM 
r 
TYPICAL ROOM TEMPERATURE DIMENSIONS 
~~ ~" .. . . .. 
MATERIAL DIMENSION B DIMENSION A 
~ ~~~ 
rST/lySS 
STEEL 4.375 1.81 2 
- ~ -. 
11  00-0 ALUMINUM 4.460 1 ,855 
~~ 
~ - . . ~~- 
99.57 ~ N I C K E L  4.318  1.784 
TITANIUM 6AL - 4V 4.440 1.845 
FIGURE 6 - DUMB-BELL SHAPED HIGH FREQUENCY FATIGUE SPECIMEN 
49 
0 2 x 
CALCULATED STRAIN - IN ./IN . 
FIGURE 7 - COMPARISON OF THEORETICAL STRAIN AND MEASURED STRAIN FOR 
DUMB-BELL SHAPED FATIGUE SPECIMENS 
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FIGURE 8 - 316 STAINLESS  STEEL SPECIMEN RUN 
20 HOURS AT 150 FT/SEC FOR 8.3 x 10 
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316 STAINLESS STEEL FRACTURE 
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A 1100 - 0 ALUMINUM 
316 STAINLESS STEEL 
0 99.57cNlCKEL  (ANNEALED) -- 
0 TITANIUM 6AL - 4V 
TEST LIQUID: TAP  WATER  AT 68' F 
- 
JET VELOCITY: 34 ft/sec 
RUN OUT 
1 o4 1 05 1 06 1 o7 
IMPACTS TO INCEPTION 
FIGURE 10 - RELATIONSHIP BETWEEN IMPACT VELOCITY AND THE NUMBER OF IMPACTS 
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TITANIUM 6AL-4V 0 LIQUID IMPACT DATA 






4 8 1 1  1 o4 
2UID IMPACT D 
:IAL FATIGUE D 
10 
6 
1 o7 1 o8 10 9 
CYCLES 
FIGURE 11 - CORRELATION OF WATER  HAMMER  STRESSES  WITH 
FATIGUE  ENDURANCE LIMITS 
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E S T  DURATION  -MINUTES 
FIGURE 13 - RATE OF VGLUME LOSS AS A FUNCTION OF TIME FOR 











I I I 
233 6 
- 
DISK RPM 6.7rM 
- 
0 1 2 3 4 5 6 7 8 9 
TEST WRATION - HOURS 
FIGURE 14 - RATE OF VOLUME LOSS AS A FUNCTION OF TIME FOR 
31 6 STAINLESS STEEL (COLD DRAWN ) 
57 
88 
0 r SPECIMEN 
( FT/SEC)  
1 and 4 
2 and 5 
292 3and 6 
MATERIAL: 99 .57% PURE NICKEL (ANNEALED) JET VELOCITY: 34 W s e c  
DENSITY: 8 . 9  g/cc TEST ENVIRONMENT: AIR  AT 14.7psiA 
LIQUID: TAP  WATER  AT 75.4' F 
SPECIMEN 
(FT/SEC ) 
3 and 6 
" -
0 40 80 120 1 6 0  200 240 280 
TEST DURATION - MINUTES 
0 40 80 120 I60 200 240 280 
TEST DURATION - MINUTES 
FIGURE 15 - RATE OF VOLUME LOSS AS A FUNCTION OF TIME FOR 99.57% 
PURE NICKEL  {ANNEALED) 
8 -  
6 -  
4 -  
2 -  %" 
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MATERIAL TITANIUM 6AI-AV (ANNEALED) - 
DENSITY 
LIQUID 
JET VELOCITY 34 FT/SEC 
TEST ENVIRONMENT AIR Ri 14.7p5ia 
DISK RPM I I ,wo 
4.4 g / c c  





0 40 80 I20 Ibo 2w 240 
TEST @URATlON - MINUTES 
0 2 4 6 8 IO 12 14 16 18 20 
TEST DURATION - HOURS 
FIGURE 16 - RATE OF VOLUME LOSS AS A FUNCTION OF TIME FOR 










r = t / t  mar 
FIGURE 17 - COMPARISON OF EXPERIMENTAL RESULTS WITH THE EROSION THEORY 










0 1 2 3 4 5 6 7 8 9 10 
t/tmax - r 
FIGURE 18 -COMPARISON OF EXPERIMENTAL RESULTS WITH THE EROSION THEORY 



















MATERIAL: 99.57'; NICKEL  (ANN ALED) 
DENSITY: 8.9 g/cc 
- LIQUID: TAP  WATER  AT 75' F - 
JET VELOCITY: 34 ft/sec 
TEST ENVIRONMENT: AIR AT 14.7 psiA 
I 
I 
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7 =  T / T  
max 
FIGURE 19 - COMPARISON OF EXPERIMENTAL RESULTS WITH THE EROSION THEORY 






MATERIAL: TITANIUM CAL-:'V (ANNEALED) 
DENSITY: 4.4 g/cc 
576 
LIQUID: TAP  WA ER AT  68' F 
0 
503 0 











0 1 2 3 4 5 6 7 8 9 10 
MATERIAL : 1100-0 ALUMINUM STRESS LEVEL : 5000 psi (Axial  Push-Pull) 
NUMBER OF SPECIMENS TESTED: 29 TEMPERATURE : 7OoF 




















1 o5 106 - 1 o7 
NUMBER OF CYCLES TO FAILURE - N 
FIGURE 21 - WEIBULL DISTRIBUTION FOR HIGH FREQUENCY FATIGUE OF 
1 1  00-0 ALUMINUM 
64 
1 08 
MATERIAL : 316 STAINLESS STEEL STRESS LEVEL : 30,OOOpsi (Axial Push-Pull) 
NUMBER OF SPECIMENS TESTED: 20 TEMPERATURE : 70 F 


























ENVIRONMENT : WATER COOLING BATH 
1 o7 
1 
1 t I 
I 
1 o8 
NUMBER OF CYCLES TO FAILURE - N 
I 
FIGURE 22 - WEIBULL DISTRIBUTION FOR HIGH FREQUENCY FATIGUE OF 


















MATERIAL: TITANIUM 6AL - 4V ANNEALED STRESS LEVEL: 52,800 psi (AXIAL PUSH PULL) 
NUMBER OF SPECIMENS TESTED: 30 TEMPERATURE: 7OoF 
FREQUENCY OF TEST: 14.0 kcs ENVIRONMENT: WATER COOLING BATH 
A/!+!&- O " 0 
1 o4 1 o5 1 o6 
NUMBER OF CYCLES TO FAILURE = N 
FIGURE 23 - WEIBULL DISTRIBUTION FOR HIGH FREQUENCY FATIQUE FOR 
ANNEALED  TITANIUM 6AL-4V 
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MATERIAL: 99.57 %ANNEALED NICKEL 
NUMBER OF SPECIMENS TESTED: 27 
FREQUENCY OF TEST: 14.2 kcs 
STRESS LEVEL: 22,000 psi (AXIAL PUSH PULL) 
TEMPERATURE: 7OoF 
ENVIRONMENT:. WATER COOLING BATH 
"d I I "CY2 = 4 . 0  I - G; -/- a 2 = 2 . 0 -  
" 







1 o6 1 o7 
NUMBER OF CYCLES TO FAILURE = N 
1 o8 
FIGURE 24 - WEIBULL DISTRIBUTION FOR HIGH FREQUENCY FATIGUE 
OF ANNEALED 99.57 % NICKEL 
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;TAI  NLESS STEEL 
1  J 
100 1 000 
IMPACT VELOCITY - FT/SEC 
FIGURE 25 - RELATIONSHIP BETWEEN PEAK RATE OF VOLUME LOSS 







) A L  - 4 V )  
100 1000 
IMPACT VELOCITY - FT/SEC 
10,090 
FIGURE 26 - RELATIONSHIP BETWEEN THE TIME AT WHICH PEAK RATE 
IS OBSERVED AND THE IMPACT  VELOCITY 
69 
MATERIAL: 99.57% NICKEL  (ANN ALED) FREQUENCY: 13.5 kcs 
DENSITY: 8.9 g/cc SPECIMEN  DIAMETER: 0.375 inch 
DOUBLE AMPLITUDE: 3 x 10-3inch TEST LIQUID: DISTILLED WATER AT 68' F 
L 
f-l 1 2 3 4 5 6 7 8 9 10 
TEST TIME - HOURS 
FIGURE 27 - RESULTS OF CAVITATION EROSION TESTS ON COMMERCIALLY 
PURE ANNEALED  NICKEL 
70 
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I I 1 - 1  I 
MATERIAL:  316  STAINLESS STEEL (COLD DRAWN ) 
DENSITY: 8.0 g/cc 
DOUBLE  AMPLITUDE: 3 x 10 inch 
-3 
FREQUENCY: 13.5kcs 
SPECIMEN  DIAMETER: 0.375 inch 
I I I TEST LIQUID: DISTILLED  WATER AT 68' F 
+ 
2 4 6  8 10 12 14 16 18 20 22 
TEST TIME - HOURS 









/a SPECIMEN TITANIUM  6AL-4V  (ANNEALED) - 
I I I I I I FREQUENCY:  13.5 kcs 
0 1 2 3 4 5 6 7 8 9 10 1 1  
TESTING TIME - HOURS 
FIGURE 29 - RESULTS OF CAVITATION EROSION TESTS ON TITANIUM 6 AL - 4V 






! MATERIAL : 1 1 00-0 ALUM1 NUM I 
I 
DENSITY:  2.7 g/cc i 
I 
DOUBLE AMPLITUDE: 3 x 
I 
A I  
I U 
I 
FREQUENCY:  13.5kcs 
SPECIMEN DIAMETER : I). 375 inch 










! I ~ 0 SPECIMEN NO. 2 A SPECIMEN NO. 3 - 
0 SPECIMEN NO. 4 
1 3 
1 
0 5 10 15 20 25 
TEST TIME - MINUTES 
























MATERIAL: STELLITE  68 
I IQUID: TAP  WATER  AT 68'F I 
DISK RPM 9550 
IMPACTS /MIN 1.91 x 10 
DISK RPM 8600 
IMPACTS /MIN 1.72 x 10 
4 0  






NUMBER OF IMPACTS 
1 o7 
1 
FIGURE 31 - RELATION BETWEEN IMPACT VELOCITY AND THE NUMBER OF IMPACTS AT 
WHICH EROSION IS OBSERVED ON STELLITE - 6B 
74 




MATERIAL:  UDIMET 700 
LIQUID: TAP  WATER  AT  68' F 
DENTING FRACTURE 
DISK RPM 9550 
IMPACTS /MIN 1.9 x 1 0  4 
4 0  
a 0 
0 DISK RPM 5800 IMPACTS /MIN 1.16 x 10 
c 
~. . . 
1 o6 1 0' 
NUMBER OF IMPACTS 
FIGURE 32 - RELATION BETWEEN IMPACT VELOCITY AND THE NUMBER OF IMPACTS AT 
WHICH EROSION IS OBSERVED O N  UDIMET 700 
10 
4 
T t - 00 I rp- I 
0 0  
MATERIAL : TZM 
LIQUID : TAP  WATER  AT 68' F 
DISK RPM 9550 
6 




FIGURE 33 - RELATION BETWEEN IMPACT VELOCITY AND THE NUMBER OF IMPACTS AT 
,WHICH EROSION I S  OBSERVED ON TZM 
76 NASA-Langley, 1970 - 32 CR-1638 
